Abstract: Three azobenzene-based dithiocarbamates, 2-(phenylazo-phenoxycarbonyl)prop-2-yl 9H-carbazole-9-carbodithioate (APCDT), 2-(4-nitro-phenylazophenoxy-carbonyl)prop-2-yl 9H-carbazole-9-carbodithioate (ANPCDT), 2-(4-cyanophenylazo-phenoxy-carbonyl)pro-2-yl 9H-carbazole-9-carbodithioate (ACPCDT), were synthesized and used as RAFT agents in the polymerizations of styrene (St) and methyl methacrylate (MMA). The results showed that APCDT, ACPCDT and ANPCDT were effective RAFT agents for the polymerization of St. In the case of MMA, the polymerization showed hybrid behavior. The different substitutes on azobenzene moiety in dithiocarbamates did not show obvious influence on the controllability of the polymerizations. The UV and fluorescence spectra of RAFT agents and obtained azobenzene-terminated polymers were investigated.
Introduction
The reversible addition-fragmentation chain transfer polymerization (RAFT) has been intensively investigated since it has been first reported [1] [2] [3] . As one of the most versatile methodologies to prepare well-defined polymers, the polymerization is controlled by using the RAFT agent with the structure Z-C(=S)-S-R. Both Z and R groups are crucial factors for a well-behaved polymerization of a given monomer [4] [5] . According to the RAFT polymerization mechanism, most of the polymer chains are end-capped by the Z and R at the ω and α chain end, respectively. Hereby, the RAFT polymerization provides a means of introducing functional group into the end of polymer chain by selecting appropriately RAFT agents [6] [7] .
The synthesis of azobenzene-containing polymers with well-defined architectures has long been of great interests to photochemists. The advent of the "living"/controlled radical polymerization provided the possibility of the well-tailored polymer architectures with less rigorous conditions. Over the past decade, some azobenzenecontaining polymers or copolymers were synthesized via ATRP [8] [9] [10] [11] [12] [13] . Our group previously reported the synthesis of well-defined azobenzene-terminated PMMA using azobenzene-based initiator via ATRP [14] . In the present work, we designed and synthesized three RAFT agents with different R groups bearing azobenzene moiety and with carbazole group as the Z group. The aim of this work was to introduce azobenzene moiety and carbazole group to the end of polymer chain under moderate conditions. The features of "living"/controlled radical polymerization were investigated as the preconditions for the polymer end-capped by the carbazole and azobenzene moieties as predicted. The optical properties of dithiocarbamates and corresponding polymers terminated by carbazole and azobenzene groups were also measured.
Results and discussion
Features of the "living"/controlled radical polymerization o C using APCDT, ACPCDT, and ANPCDT as RAFT agents, respectively. Within the concerned range of the conversions, the kinetic plots were approximately linear. However, the polymerization rate dropped to a low level after 40 hours polymerization, which may be caused by the accumulation of uncontrolled side reaction in system. No obvious inhibition or induction period appeared at the early stage of the polymerization. These results indicated that the propagating radical concentrations were constant during the polymerization. It can be further found that both the polymerization rate mediated by ACPCDT and ANPCDT were slower than that of the polymerization mediated by APCDT, which was probably due to the different re-initiating capability of the R group in dithiocarbamates. The plots of the molecular weights (M n ) and polydispersity index (PDI) of the polymers versus monomer conversion of St are shown in Fig. 2 . Fig. 3 . According to the slopes of the lines, the APCDT provided the fastest polymerization rate among these three dithiocarbamates mediated MMA polymerization. The polymerization rate of MMA mediated by these three RAFT agents showed the following order: APCDT > ACPCDT > ANPCDT. The molecular weights increased linearly with MMA conversion in all cases as shown in Fig. 4 . Meanwhile, the polymerization showed a hybrid behavior. The molecular weight of the polymer was higher than the predicted value at low conversion with relatively high PDI, which was probably attributed to the slow consumption of RAFT agents in the early stages of the process [15] . When the reaction proceeded to high monomer conversion, the molecular weights of the polymers were close to predicted values gradually and the PDI values were finally reduced to a value lower than 1.30. There was no obvious difference in the controlling effectiveness for MMA polymerization mediated by the three azobenzene-based RAFT agents, which indicated the different substituent groups on the azobenzene in dithiocarbamates did not influence the controllability of the polymerization of MMA. The effect of polymerization temperature on the RAFT polymerization of MMA mediated by three dithiocarbamates was also investigated. The results listed in Table 1 showed that the polymerization rate was much higher at 90 o C than that at 60 o C, especially at the early stage of polymerization. All the polymerizations proceeded under a controlled way. The polymer end-capped by the RAFT agent moiety can be used as the macro-RAFT agent to carry out chain extension reaction by adding fresh monomer. Two typical chain extension reactions were carried out, e.g. fresh added St with PS mediated by APCDT as macro-RAFT agent and fresh added MMA with PMMA mediated by ACPCDT as macro-RAFT agent, respectively. The GPC curves of the original and extended polymer are shown in Fig. 6 . There was an obvious peak shift from the macro-RAFT agent to the product. The successful chain extension indicated the "living"/controlled features of the RAFT polymerizations of MMA and St.
The structures of the obtained polymers were characterized by 1 H NMR. The typical 1 H NMR spectra of PS and PMMA are shown in Fig. 5 (a) and (b) , respectively. There were characteristic signals from the Z (carbazole) and R (azobenzene) group of APCDT at about δ = 7.33-8.20. These observations were consistent with the mechanism of RAFT polymerization. 
Optical Properties of the Obtained Polymers
As shown in previous results, the well-defined azobenzene terminated PS and PMMA can be obtained by using the synthesized three dithiocarbamates as the RAFT agent. The azobenzene group shows high sensitivity to the ultraviolet light. The UV spectra of the RAFT agents and corresponding PMMA obtained are shown in Fig. 7 . Both the RAFT agents and corresponding polymers exhibited a strong absorption peak at the characteristic intense π-π * transition of azobenzene at 320-350 nm in Fig. 7 . The different λ max values of these RAFT agents could be ascribed to the different substituent groups on the azobenzene. The intensity of the absorption of the RAFT agents and the corresponding polymers displayed no significant difference in the same concentrations. In addition, the rigid conjugated carbazole unit in dithiocarbamate exists at the end of obtained polymer as confirmed in Fig. 5 . Therefore, the polymer obtained was expected to show fluorescence. Fig. 8 presents the fluorescence emission spectra of RAFT agents and corresponding PMMA. The samples were dissolved in DMF at room temperature with excitation wavelength λ ex = 293 nm. It can be found that the RAFT agents exhibited apparently lower fluorescence emission compared with the polymer of the same concentration of carbazole moiety. It may be attributed to the stronger molecular movement of RAFT agent than the polymer in DMF solutions, which resulted in partly self-quenching of fluorescence intensity [16] [17] [18] [19] [20] [21] .
Conclusions
The APCDT, ACPCDT, and ANPCDT could be used as RAFT agents for the controlled/"living" radical polymerization of St and MMA. These functional RAFT agents provided a feasible method to offer the end-capped PS and PMMA by the RAFT process. The corresponding polymers exhibited UV absorbance and fluorescence due to the azobenzene and carbazole moieties at the polymer chain ends.
Experimental part

Materials
All chemicals (analytical grade) used in this study were purchased from Shanghai Chemical Reagents Co. Ltd. (Shanghai, China) and J&K-Acros Co. Ltd. (Beijing, China). Styrene (St) and methyl methacrylate (MMA) were washed with an aqueous solution of sodium hydroxide (5 wt %) three times and then with deionized water until neutralization. After being dried with anhydrous magnesium sulfate, St and MMA were distilled under reduced pressure and kept in a refrigerator under 4 o C. Chloroform was dried with 4-Å molecular sieves. Dimethyl formamide (DMF) was dried with 4-Å molecular sieves and distilled in vacuum. 2-Bromo-2-methylpropionyl bromide was purchased from Aldrich Chemical Co. Ltd. 4-Hydroxyazobenzene, 4-(4-hydroxy-phenylazo)-benzonitrile, and 4-(4-nitro-phenylazo)-phenol were synthesized according to the literature [22, 23] . Other materials were used without further purification. 
Synthesis of Haloesters (R-Br) (Scheme 1)
Triethylamine (5.03 g, 0.05 mol) was added to a solution of ROH (0.025 mol) in dry chloroform (150 mL). The solution was degassed by argon bubbling and cooled to 0 o C by ice bath with stirring. 2-Bromo-2-methylpropionyl bromide (11.5 g, 0.05 mol) in dry chloroform (15 mL) was added dropwise over a period of 1 h. The mixture was stirred at room temperature for the following 24 hours. Then, the solution was filtered and the filtrate was washed with 5% NaHCO 3 (20 mL × 3) and water (20 mL × 3), respectively. The organic phase was dried by anhydrous magnesium sulfate for 24 hours. The crude product was obtained by removal of the solvent under vacuum and was purified by recrystallization from ethanol.
Synthesis of dithiocarbamates (Scheme 2)
Dithiocarbamates (Scheme 2) were prepared by the following procedures. A suspension of KOH (0.56 g, 0.01 mol) in DMSO (50 mL) was prepared, and carbazole (1.67 g, 0.01 mol) was added under vigorous stirring. The solution was stirred for 1 h at room temperature and then CS 2 (0.76 g, 0.01 mol) was added dropwise. The resultant reddish solution was stirred for another 2 hrs at room temperature, and then haloesters (R-Br) was added. After stirring for 24 hrs, the mixture was precipitated in large amount of water (ca. 300 mL). A yellow or red solid product was obtained. The crude product was purified by column chromatograph with a mixed solvent of petroleum ether and ethyl acetate (10 : 1, v/v) as the eluent, and then recrystallized from acetone. The products were obtained as red or deep red crystals. 
2-(Phenylazo
Polymerization
The following are the typical procedures of polymerization: a stock solution of 8 mL (75 mmol) MMA, 114.7 mg (0.225 mmol) APCDT, 12.3 mg (0.075 mmol) AIBN and 8 mL anisole were prepared. Aliquots of 2 mL were placed in each ampoule. The content was purged with argon for approximately 15 min to eliminate the oxygen. Then the ampoules were flame-sealed and placed in an oil bath held by a thermostat at the appropriate temperature to polymerize. After a preseted reaction time, the ampoule was cooled with ice water and then opened. The reaction mixture was diluted with a little tetrahydrofuran (ca. 2 mL) and precipitated in a large amount of petroleum ether (ca. 300 mL). The polymer was obtained by filtration and dried at 40 o C under vacuum for 24 hours. The conversion of polymerization was determined gravimetrically. The polymerization of St was carried out at 110 o C in bulk without AIBN and PS was obtained by precipitating in methanol. The other procedures of the polymerization of St were similar to that of MMA polymerization.
Characterization
The molecular weights and polydispersities of the polymers were determined with a Waters 1515 gel permeation chromatographer equipped with a refractive-index detector and with HR 1, HR 3, and HR 4 columns. Calibration was performed with PS (100-500,000 g/mol) and PMMA as standard samples for PS and PAMMA, respectively. Tetrahydrofuran was used as the eluent at a flow rate of 1.0 mL min -1 at 30 o C. 1 H NMR spectra of the polymers were recorded on an Inova 400 NMR instrument with CDCl 3 as a solvent and tetramethylsilane as the internal standard. Elemental analyses of C, H, and N were measured with an EA1110 CHND-S. The UV-vis absorption spectra of the polymers in DMF solution were determined on a Shimadzu RF540 spectrophotometer.
